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The recent discovery of three pentaquark peaks — the Pc(4312), Pc(4440) and Pc(4457) — by the LHCb
collaboration has a series of interesting consequences for hadron spectroscopy. If these hidden-charm objects are
indeed hadronic molecules, as suspected, they will be constrained by heavy-flavor and SU(3)-flavor symmetries.
The combination of these two symmetries will imply the existence of a series of five-flavor pentaquarks with
quark content b¯csdu and bc¯sdu, that is, pentaquarks that contain each of the five quark flavors that hadronize.
In addition, from SU(3)-flavor symmetry alone we expect the existence of light-flavor partners of the three Pc’s
pentaquarks with strangeness S = −1 and S = −2. The resulting structure for the molecular pentaquarks is
analog to the light-baryon octet: we can denote the pentaquarks as PN
Q′Q¯, P
Λ
Q′Q¯, P
Σ
Q′Q¯, P
Ξ
Q′Q¯ depending on the
heavy- and light-quark content (with N, Λ, Σ, Ξ the member of the light-baryon octet to which the light-quark
structure resembles and Q′, Q¯ the heavy quark-antiquark pair). In total we predict 45 new pentaquarks, but there
could be up to 109 undiscovered states if we also consider heavy-quark spin symmetry. If an isoquartet (I = 3
2
)
hidden-charm pentaquark is ever observed, this will in turn imply a second multiplet structure resembling the
light-baryon decuplet: P∆
Q′Q¯, P
Σ∗
Q′Q¯, P
Ξ∗
Q′Q¯, P
Ω
Q′Q¯.
The LHCb collaboration has recently announced the obser-
vation of three hidden-charmpentaquarks [1] — the Pc(4312),
Pc(4440) and Pc(4457) — which extends the previous obser-
vation of the Pc(4450) peak in 2015 [2]. Their masses and
widths (in MeV) are
mPc1 = 4311.9 ± 0.7+6.8−0.6, ΓPc1 = 9.8 ± 2.7+3.7−4.5,
mPc2 = 4440.3 ± 1.3+4.1−4.7, ΓPc2 = 20.6 ± 4.9+8.7−10.1,
mPc3 = 4457.3 ± 0.6+4.1−1.7, ΓPc3 = 6.4 ± 2.0+5.7−1.9,
where from now on we will use the notation Pc1, Pc2 and Pc3
for these three pentaquarks. The Pc1 is 8.9MeV below the
D¯Σc threshold, while the Pc2 and Pc3 are 21.8 and 4.8MeVbe-
low the D¯∗Σc threshold, respectively (where we have consid-
ered these thresholds in the isospin-symmetric limit). The ex-
istence of hidden-charm pentaquark predictions in the molec-
ular picture before their experimental observation [3–9], to-
gether with the aforementioned closeness to the D¯Σc and D¯
∗Σc
thresholds , suggests a molecular interpretation of these pen-
taquarks, i.e. that they are bound states of a charmed antime-
son and a charmed baryon [10–15], though this is not the only
explanation that has been considered by theoreticians [16–18].
Heavy-hadron molecules are highly symmetrical: their
light- and heavy-quark content implies that they are con-
strained both by SU(3)-flavor symmetry [19, 20] and heavy-
quark symmetry [21, 22]. In turn heavy-quark symmetry has
different manifestations, namely heavy-quark spin symmetry
(HQSS), heavy-flavor symmetry (HFS) and heavy-antiquark-
diquark symmetry (HADS) [23], which altogether provide
deep insights into the molecular spectrum [24–32]. The ap-
plication of HQSS to the particular case of the LHCb pen-
taquarks implies that the Pc1, Pc2 and Pc3 actually belong
∗ mpavon@buaa.edu.cn
to a multiplet composed of seven members [12, 14, 33, 34],
four of which have not been observed yet. Before know-
ing that the Pc(4450) peak contained two peaks, HQSS was
already used to predict a JP = 5
2
−
D¯∗Σ∗c molecular pen-
taquark [6, 35]. In the past HFS and HADS have been applied
to heavymeson-antimesonmolecules to explain spectroscopic
relations among known molecular states [30] or to deduce the
existence of new states [31]. In this manuscript we explore
what are the consequences of SU(3)-flavor symmetry and HFS
if the hidden-charm pentaquarks are indeed molecular.
HFS refers to the fact that the structure of a heavy-light
hadron (i.e. the “brown muck” around the heavy quark) is
independent of the flavor of the heavy quark. As applied
to heavy-hadron molecules, HFS implies that the potential
among heavy hadrons is independent of the flavor of the heavy
quarks inside the heavy hadrons. The most clear example of
this symmetry in molecular states are the Zc’s and Zb’s reso-
nances [30], which are repeated in the charm and bottom sec-
tors and are conjectured to be D(∗)D¯∗ and B(∗)B¯∗ bound states,
respectively. If applied to the molecular pentaquarks, from
HFS we expect the potential in the D¯Σc, D¯Σb, BΣc and BΣb
two-body systems to be identical (plus similar relations for
the D¯Σ∗c, D¯
∗Σc and D¯∗Σ∗c family of molecules). For simplic-
ity we will often use the generic notation P and P∗ for the
JP = 0−, 1− heavy mesons and ΣQ and Σ∗Q for the J
P = 1
2
+
and 3
2
+
heavy baryons, independently of whether they are their
charm or bottom versions. In addition we will use the notation
Ps, P
∗
s for the heavy mesons with S = 1 and Ξ
′
Q
, Ξ∗
Q
and ΩQ,
Ω∗
Q
for the heavy baryons with S = −1 and S = −2.
If we now consider SU(3)-flavor symmetry instead, it hap-
pens that the P¯, P¯s heavy antimesons and the ΣQ, Ξ
′
Q
and
ΩQ heavy baryons belong to the 3 and 6 representation of
2Molecule I S V Veigen
P¯ΣQ
1
2
0 VO -
P¯ΣQ
3
2
0 VD -
P¯Ξ′Q 0 −1 VO -
P¯Ξ′Q-P¯sΣQ 1 −1
 13VO + 23VD −
√
2
3
(VO − VD)
−
√
2
3
(VO − VD) 2
3
VO + 1
3
VD
 {VO,VD}
P¯ΩQ-P¯sΞ
′
Q
1
2
−2
 13VO + 23VD −
√
2
3
(VO − VD)
−
√
2
3
(VO − VD) 2
3
VO + 1
3
VD
 {VO,VD}
P¯sΩQ 0 −3 VD -
TABLE I. The SU(3)-flavor structure of the potential for heavy
meson-baryon molecules, where the heavy meson belongs to a
SU(3)-flavor triplet and the heavy baryon to a sextet. The heavy
meson-baryon potential can be decomposed into an octet and decu-
plet component, from which the octet piece corresponds to the po-
tential for the hidden-charm molecular candidates. As a consequence
other molecular pentaquarks belonging to the octet representation are
also expected to bind. In addition to the SU(3)-flavor decomposition,
the S-wave potential can be further decomposed into its light-quark
structure, which is not explicitly shown here.
the SU(3)-flavor group, respectively 1. Two-body heavy
antimeson-baryon states can be decomposed into 3 ⊗ 6 =
8 ⊕ 10, i.e. into the octet and decuplet representations, where
the SU(3) Clebsch-Gordan coefficients can be consulted in
Ref. [36]. This in turn implies that the heavy antimeson-
baryon potential can be decomposed into a linear combination
of an octet and decuplet contribution
V = λOVO + λDVD , (1)
with VO and VD the octet and decuplet pieces and λO, λD nu-
merical coefficients. We show the full decomposition in Table
I, which happens to be surprisingly simple: for most heavy
antimeson-baryon molecules, the potential is a pure octet or
decuplet contribution. Even for the P¯Ξ′
Q
-P¯sΣQ and P¯ΩQ-
P¯sΞ
′
Q
molecules (where the dash indicates that these channels
couple), for which the potential is a 2 × 2 matrix, when we
look at the eigenvalues we recover
V = VO and VD , (2)
depending on the linear combination of the two channels, with
the octet eigenvalue corresponding to
|8〉 = −
√
1
3
|P¯Ξ′Q(1)〉 +
√
2
3
|P¯sΣQ〉 , (3)
|8〉 = −
√
1
3
|P¯ΩQ〉 +
√
2
3
|P¯sΞ′Q〉 , (4)
and the decuplet eigenvalue to
|10〉 =
√
2
3
|P¯Ξ′Q〉 +
√
1
3
|P¯sΣQ〉 , (5)
|10〉 =
√
2
3
|P¯ΩQ〉 +
√
1
3
|P¯sΞ′Q〉 . (6)
1 Wewill not consider explicitly the difference between ground- and excited-
state heavy hadrons, as it does not affect their light-flavor structure.
These two molecular systems, P¯Ξ′
Q
-P¯sΣQ and P¯ΩQ-P¯sΞ
′
Q
,
will adopt the lowest-energy configuration, be it either the
octet or decuplet one. In the absence of additional exper-
imental information and knowing that the Pc1, Pc2 and Pc3
hidden-charm pentaquarks most probably belong to the octet,
we naively expect the lowest-energy configuration to be the
octet 2.
Owing to heavy-flavor symmetry, the potential is expected
to be independent of the flavor of the heavy quarks. This im-
plies in particular that the octet configurations
D¯Ξ′b(I = 0) , D¯Ξ
′
b(I = 1) − D¯sΣb , (7)
BΞ′c(I = 0) , BΞ
′
c(I = 1) − BsΣc , (8)
which can contain the five quark flavors that hadronize, will
display as much attraction as the hidden-charm pentaquarks.
Of the four five-flavor configurations, the strange-isoscalar
molecules — D¯Ξ′
b
(0), BΞ′c(0) — are relatively easy to deal
with (they are single-channel systems). For the strange-
isovector molecules — D¯Ξ′
b
(I = 1) − D¯sΣb and BΞ′c(I =
1) − BsΣc — we have a two-channel problem where the
thresholds are misaligned: there is an energy gap of about
20MeV and 40MeV between the two thresholds conform-
ing the isovector b¯csqq and bc¯sqq pentaquarks, respectively.
The question is whether this energy gap will prevent a pre-
dominantly octet molecular state to form or not. The answer
depends on the comparison of the momentum scales of the
binding mechanism and the coupled channel dynamics. The
typical momentum scale of the coupled channels 3 in the pre-
vious cases is about 250MeV and 350MeV for the b¯csud and
bc¯sud pentaquarks, while the binding mechanism is expected
to be short-ranged (e.g. vector-meson exchange), with a mo-
mentum scale of the order of 0.5− 1.0GeV give or take. As a
consequence, we expect the isovector five-flavor pentaquarks
to bind.
We can explicitly check this with a calculation within a
contact-range EFT in which the S-wave interaction binding
the Pc1, Pc2 and Pc3 molecular pentaquarks is of the type
〈p′|V |p〉 = COi (Λ) f (
p
Λ
) f (
p′
Λ
) , (9)
that is, a regularized Dirac delta in momentum space where
CO
i
is the (octet) coupling constant, i = 1, 2, 3 is the index with
which we label the hidden-charm pentaquarks, f (x) = e−x
2
a
Gaussian regulator and Λ a cutoff. For the cutoff we choose
the range Λ = 0.5 − 1.0GeV, i.e. around the ρ meson mass.
With this potential we solve a coupled-channel Lippmann-
Schwinger equation of the type
φA(k) +
∑
B
∫
d3p
(2pi)3
〈k|VAB|p〉
φB(p)
MB +
p2
2µB
− MP
= 0 , (10)
2 We notice that a recent work [37] has predicted a series of cc¯sss (PΩc )
pentaquarks (but compact, instead of molecular). This suggests that a few
of the decuplet configurations might be attractive as well.
3 This momentum scale is defined as
√
2µ∆, with µ the reduced mass of the
system and ∆ the mass gap between the channels.
3where A, B are indices for the channels we are considering,
φA the vertex function, VAB the potential between channels A
and B, MB the total mass of the heavy antimeson and baryon
comprising channel B, µB their reducedmass and MP the mass
of the molecular pentaquark we are predicting. Obviously,
this equation reduces to a single-channel one in the strange-
isoscalar pentaquark cases. With this, for Λ = 0.5GeV we
predict the location of the b¯c five-flavor pentaquarks to be
m(PΛ
b¯c
) = 7787 , 7933 , 7912MeV , (11)
m(PΣ
b¯c
) = 7770 , 7918 , 7898MeV , (12)
with the Λ = 1.0GeV predictions about 10MeV more bound.
For the bc¯ five-flavor pentaquarks we predict instead
m(PΛbc¯) = 7838 , 7890 , 7868MeV , (13)
m(PΣbc¯) = 7808 , 7862 , 7842MeV , (14)
forΛ = 0.5GeV, with theΛ = 1.0GeV predictions about 15−
20MeV below. The complete list of predictions, including the
cutoff uncertainty, can be consulted in Table II.
The spectrum of Table II implies that each of the ob-
served hidden-charm pentaquarks belongs to a light/heavy-
flavor multiplet with 16 members. As three hidden-charm
pentaquarks have been observed, this means a total of 48
states (of which 45 are so far unobserved). Even though we
have not considered HQSS explicitly in this manuscript, it is
easy to figure out its consequences: fromHQSS we expect the
three known hidden-charm pentaquarks to belong to HQSS
multiplets with seven members [12], meaning that there are
4 unobserved states. If we compound the HQSS multiplets
with the SU(3)-flavor and HFS ones, the heavymolecular pen-
taquark family could contain a total of 112 states (3 observed,
109 to be discovered). The experimental observation of these
pentaquarks could be done by the SU(3)-flavor and HFS ana-
log of the J/ΨN decay channel that has been used in the dis-
covery of the Pc1, Pc2 and Pc3. For instance, the five-flavor
pentaquarks PΛ
cb¯
and PΣ
cb¯
could be detected by means of their
B+cΛ and B
+
cΣ decays.
Among the results in Table II it is interesting to notice the
strange-isoscalar PΛc partners of the three LHCb pentaquarks,
which were predicted (together with the pentaquarks) nearly
a decade ago [3, 4]. This prediction have been recently up-
dated in Ref. [38], which uses a contact-range theory where
the couplings are saturated by vector-meson exchange and the
regularization is set as to reproduce the Pc(4312) pentaquark.
The prediction of Ref. [38] for the mass of the DΞ′c molecule
is 4436.7MeV, which happens to be identical to ours (check
Table II). This is no coincidence, Ref. [38] is effectively renor-
malizing their contact-range theory and their predictions. The
difference is that the calculation of Ref. [38] involves nine dif-
ferent channels for the PΛc while ours is a single channel cal-
culation. This later simplification happens owing to the econ-
omy of the EFT framework, where only the most important
degrees of freedom are kept.
The application of HFS with the contact-range EFT frame-
work we have used here has however a serious limitation in
terms of model dependence. The cutoff dependence of the
predictions becomes larger as the reduced mass of the sys-
tem is increased, from merely 1 MeV at most in the hidden-
charm sector to several tens of MeV in the bottom-charm
sector. This limitation was already pointed out in Ref. [39],
where here we merely confirm the impossibility of making
model-independent predictions with HFS. Yet we notice that
there is systematicity in this model-dependence, as it invari-
ably leans towards more binding. This is important, as it im-
plies that the conclusion that the cb¯, c¯b and bb¯ molecular pen-
taquarks bind is indeed model-independent, with the model-
dependence limited to how much they bind. In fact it can
be shown that for two-body molecular systems where the po-
tential respects HFS (i.e. the potential is independent of the
heavy-quark mass), the binding energy increases monotoni-
cally with the reduced mass: ∂B2/∂µ > 0, where B2 is the
two-body binding energy and µ the reduced mass.
The present predictions have been done under the assump-
tion that the hidden-charm pentaquarks are molecular. But,
as a matter of fact, the light- and heavy-flavor symmetries
we have used here are expected to apply to other light-
heavy hadrons as well, independently of their nature. For
instance, the existence of this type of pentaquark multiplets
has been conjectured in the hadroquarkonium picture [40].
Unfortunately there are only estimations for the locations of
the hidden-charm pentaquark octet [41], which indicate that
the mass splittings for the hadroquarkonium pentaquark octet
(m(PΛc )−m(PNc ), m(PΣc )−m(PNc ) and m(PΞc )−m(PNc )) are con-
siderably larger than for molecular pentaquarks (150, 217 and
327MeV for hadrocharmonia in comparison to 125, 105 and
232MeV for hidden-charm molecules). Be it as it may, it
is plausible that other theoretical explanations of the hidden-
charm pentaquark will lead to analogous predictions for their
flavor partners, as these predictions are constrained by sym-
metry principles (instead of the details of the dynamics, which
will matter for how the spectrum is organized in terms of
quantum numbers, spin-spin splitting, etc.).
To summarize, the observation of the LHCb hidden-charm
pentaquarks in combination with SU(3)- and heavy-flavor
symmetries leads to the prediction of a series of flavor part-
ners. In particular, the molecular pentaquarks are expected to
form a light-flavor octet reminiscent of the light-baryon octet
and are also expected to appear in the cb¯, c¯b and bb¯ sectors as
well as in the original hidden-charm sector in which they have
been discovered. We denote these pentaquarks as PN
Q′Q¯
, PΛ
Q′Q¯
,
PΣ
Q′Q¯
, PΞ
Q′Q¯
, with the superscript and subscript referring to
their light- and heavy-quark structure, respectively (which we
shorten to PN
Q
, PΛ
Q
, PΣ
Q
and PΞ
Q
when the heavy flavors coincide
Q′ = Q, i.e. for hidden-flavor). For predicting their masses,
we havemade use of a contact-range theory with a natural cut-
off in the range Λ = 0.5 − 1.0GeV. Among the predictions, it
is worth noticing the existence of five-flavor pentaquarks, i.e.
pentaquarks containing all the five flavors that hadronize (PΛ
cb¯
,
PΛ
c¯b
, PΣ
cb¯
, PΣ
c¯b
in our notation), in the 7770− 7910MeV region.
The five-flavor pentaquarks could be detected via their B±cΛ
and B±cΣ decays. Though the predictions made in this work
assume the LHCb pentaquarks to be molecular, it is sensible
to expect these predictions to be more dependent on the gen-
4Molecule I S BP MP Partner Molecule I S BP MP Partner
D¯Σc
1
2
0 Input Input Pc1 BΣc
1
2
0 19.5 7713.5 Pc1
D¯∗Σc
1
2
0 Input Input Pc2 B
∗Σc
1
2
0 12.6 7765.7 Pc2
D¯∗Σc
1
2
0 Input Input Pc3 B
∗Σc
1
2
0 34.3 7743.9 Pc3
D¯Ξ′c 0 −1 9.4 4436.7 Pc1 BΞ′c 0 −1 20.3 7838.0 Pc1
D¯∗Ξ′c 0 −1 5.2 4582.2 Pc2 B∗Ξ′c 0 −1 13.2 7890.3 Pc2
D¯∗Ξ′c 0 −1 22.5 4564.9 Pc3 B∗Ξ′c 0 −1 35.2 7868.3 Pc3
D¯Ξ′c-D¯sΣc 1 −1 5.2 4416.7 Pc1 BΞ′c-BsΣc 1 −1 12.8 7807.5 Pc1
D¯∗Ξ′c-D¯
∗
sΣc 1 −1 2.1 4563.6 Pc2 B∗Ξ′c-B∗sΣc 1 −1 7.3 7861.6 Pc2
D¯∗Ξ′c-D¯
∗
sΣc 1 −1 17.4 4548.4 Pc3 B∗Ξ′c-B∗sΣc 1 −1 26.8 7842.2 Pc3
D¯Ωc-D¯sΞ
′
c
1
2
−2 6.5 4539.5 Pc1 BΩc-BsΞ′c 12 −2 14.5 7930.5 Pc1
D¯∗Ωc-D¯∗sΞ
′
c
1
2
−2 3.2 4686.9 Pc2 B∗Ωc-B∗sΞ′c 12 −2 8.5 7984.5 Pc2
D¯∗Ωc-D¯∗sΞ
′
c
1
2
−2 19.7 4670.3 Pc3 B∗Ωc-B∗sΞ′c 12 −2 28.9 7964.1 Pc3
D¯Σb
1
2
0 15.5 7664.8 Pc1 BΣb
1
2
0 30.1 11062.5 Pc1
D¯∗Σb 12 0 10.3 7811.4 Pc2 B
∗Σb 12 0 22.0 11115.9 Pc2
D¯∗Σb 12 0 30.9 7790.7 Pc3 B
∗Σb 12 0 46.8 11091.0 Pc3
D¯Ξ′
b
0 −1 15.7 7786.6 Pc1 BΞ′b 0 −1 30.3 11184.2 Pc1
D¯∗Ξ′
b
0 −1 10.4 7933.3 Pc2 B∗Ξ′b 0 −1 22.1 11237.6 Pc2
D¯∗Ξ′
b
0 −1 31.1 7912.5 Pc3 B∗Ξ′b 0 −1 47.0 11212.8 Pc3
D¯Ξ′
b
-D¯sΣb 1 −1 11.7 7769.8 Pc1 BΞ′b-BsΣb 1 −1 23.1 11156.9 Pc1
D¯∗Ξ′
b
-D¯∗sΣb 1 −1 7.2 7918.2 Pc2 B∗Ξ′b-B∗sΣb 1 −1 16.0 11212.5 Pc2
D¯∗Ξ′
b
-D¯∗sΣb 1 −1 26.9 7898.4 Pc3 B∗Ξ′b-B∗sΣb 1 −1 39.3 11189.2 Pc3
D¯Ωb-D¯sΞ
′
b
1
2
−2 13.7 7889.7 Pc1 BΩb-BsΞ′b 12 −2 24.8 11277.1 Pc1
D¯∗Ωb-D¯∗sΞ
′
b
1
2
−2 9.0 8038.3 Pc2 B∗Ωb-B∗sΞ′b 12 −2 17.6 11332.9 Pc2
D¯∗Ωb-D¯∗sΞ
′
b
1
2
−2 29.6 8017.6 Pc3 B∗Ωb-B∗sΞ′b 12 −2 41.6 11308.8 Pc3
TABLE II. The heavy- and light-flavor symmetry partners of the LHCb pentaquark trio, the Pc(4312), Pc(4440) and Pc(4457) (or Pc1, Pc2, Pc3
for short). This includes the five-flavor pentaquarks with quark content b¯csdu and bc¯sdu. The column “Molecule” displays the two-hadron
system under consideration, I the isospin, S the strangeness, BP the binding energy, MP the mass and “Partner” represents which hidden-charm
pentaquark (Pci, i = 1, 2, 3) is the partner of the predicted state. In the coupled-channel cases, the binding energy is calculated relative to respect
to the channel with the lowest mass. For the calculations we use a contact-range EFT, with the potential of Eq. (9) and a Gaussian regulator
with a cutoff Λ = 0.5GeV. If we use Λ = 1.0GeV instead, the results are more bound by about 0− 1MeV, 10MeV, 15 − 20MeV, 40MeV in
the cc¯, cb¯, bc¯ and bb¯ sectors, respectively. This in turn provides an estimation of the expected uncertainty of the location of these states.
eral symmetry principles we have applied than in the details
of the dynamics generating the pentaquarks. Thus we con-
jecture the light- and heavy-flavor symmetry partners of the
hidden-charm pentaquarks to exist irrespectively of the bind-
ing mechanism.
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